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Studies are being c a r r i e d  out  d i rec ted  toward e luc ida t i ng  t h e  s t r u c t u r e  o f  low- 
rank coals and t h e  mechanisms o f  t h e i r  canbustion, g a s i f i c a t i o n ,  s l u r r y  p repara t i on  
and l i que fac t i on  a t  t h e  U n i v e r s i t y  o f  Nor th Dakota Research Center. As a p a r t  o f  
t h i s  research, o u r  i n t e r e s t  i n  t h e  carbon t r u c t u r e  o f  coals before and o f  residues 
a f t e r  processing l e d  us t o  develop s o l i d  13C.CP/MAS NMR techniques s u i t a b l e  f o r  our  
samples. As we surveyed t h e  e x i s t i n g  l i t e r a t u r e  (1,2,3) and the  r e s u l t s  obtained i n  
our  1 aboratory fo r  1 ow-rank coals, we noted apparent i n t e n s i t y  discrepancies. Some 
samples gave s t ronger  s igna ls  than  others when t h e  same amount o f  carbon was i n  t h e  
r o t o r .  I n  a d d i t i o n  t o  v a r i a b l e  i n t e n s i t i e s ,  t h e  aromatic t o  a l i p h a t i c  r a t i o s  and 
t h e  r e l a t i v e  i n t e n s i t i e s  o f  praninent  peaks va r ied  f o r  dup l i ca te  samples run under 
t h e  same condi t ions.  The e f f e c t  o f  mineral mat ter  i n  the  h igh  ash coals  o r  t h e  
e f f e c t  of f r e e  r a d i c a l s  i n  the  coal were suggested as poss ib le  causes o f  these 
d i f f i c u l t i e s  (4,5). However, i n  t h e  case o f  our samples, these explanations f a i l e d  
t o  account f o r  t h e  v a r i a b i l i t y  we saw i n  samples. We had none o f  these problems 
ob ta in ing  spect ra o f  t h e  i n s o l u b l e  organic mat ter  (IOM) a f t e r  l i q u e f y i n g  these 
coals ,  even though t h e  I O M  contained up t o  70 weigh percent ash and was greater  than 
90% aromatic carbon. Signals from t h e  I O M  samples were apparently p ropor t i ona l  t o  
t h e  amount o f  carbon present and d i d  not vary. 

We had a l ready optimized a l l  o f  t h e  va r iab les  requi red by our i n t i a l  study. 
Each va r iab le  was impor tant  and needed t o  be c a r e f u l l y  assessed d i r e c t l y  on the  coal  
samples t o  be used f o r  f u r t h e r  work. The work o f  many inves t i ga to rs  emphasizes t h a t  
when proper ca re  i s  exercised, representat ive coal spectra may be obtained 
(1,6,7,8,9). Our conclus ions were i n  accord w i t h  those prev ious ly  repo r ted  with one 
important exception. f o r  low-rank coals, peats and o the r  s o l i d s  t h a t  con ta in  more 
than  a t r a c e  o f  mois ture,  t h i s  study shows t h a t  t h e  presence o f  mois ture i s  t h e  
overwhelming f a c t o r  i n  determin ing spec t ra l  i n t e n s i t y .  

Experimental 

Our NMR work was c a r r i e d  ou t  a t  50.3 MHZ us ing our Varian XL-200 NMR. A Doty 
S c i e n t i f i c ,  Inc. h i g h  s e n s i t i v i t y  carbon so l i ds  probe was in te r faced  d i r e c t l y  w i t h  
t h e  standard Var ian s o l i d s  amp l i f i e r .  The magic angle was adjusted f o r  minimal l i n e  
w id th  w i th  hexamethylbenzene, t h e  probe was tuned f o r  t h e  decoupler and t h e  observe 
s igna l  w i t h  t h e  coal  sample i n  t h e  probe, t he  f i e l d  was centered and shimmed, t h e  
power l e v e l  o f  t h e  decoupler was accurate ly  set, t h e  90" and 180' f l i p  angles were 
adjusted (tO.lus), t h e  contact  t ime f o r  c ross -po la r i za t i on  was selected t o  best  fit 
t h e  Tlp values f o r  t h e  coal and an appropr ia te de lay was chosen. The pulse sequence 
used was a t y p i c a l  c ross -po la r i za t i on  experiment which provided an accurate 90" f l i p  
for  the proton r e s e r v o i r  fo l lowed by a 90" proton phase a l t e r a t i o n  (sp in- lock) .  The 
contact  time, lms, f u l f i l l i n g  the  Hartmann-Hahn c o n d i t i o n  ( y  H ~ H  Y C ~  c), was 
followed by fou r  t imed 180' pulses o f  t h e  TOSS echo sequence $0 =ref?ocus t h e  
spinning sidebands back i n t o  t h e  i s o t r o p i c  peak( l0) .  The a c q u i s i t i o n  o f  4 K data 
po in ts  was c a r r i e d  out  w i t h  h iqh Dower Droton decouolino. The se lected recvc le  t ime  
was 1 s. Minimal da ta  enhancmeni, cons i s t i ng  o f  15 Hz-l ine-broadening, apodizat ion 
func t i on  o f  0.020 was used. 

Resul ts  and Discuss ion 

I n t r i n s i c  water  i n  low-rank coals  p lays a r o l e  i n  r e a c t i v i t y  t h a t  has never been 
p roper l y  defined. It became apparent t o  us t h a t  water was a l so  important i n  s o l i d  
CP/MAS 13C NJ4R spectroscopy. We found l i t t l e  i n  the  l i t e r a t u r e  t h a t  addressed the 
P rac t i ca l  aspects o f  t h i s  problem, therefore,  we i n i t i a t e d  a p re l im ina ry  screening 
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o f  t h e  e f f e c t .  We selected two coals  as representat ives o f  low-rank coals  i n  
general, a North Dakota l i g n i t e  from t h e  Ind ian  Head mine and a Texas l i g n i t e  from 
t h e  B i g  Brown mine (Table 1). One 
p o r t i o n  was d r i e d  overn ight  under p a r t i a l  vacuum i n  a des iccator  con ta in ing  
d r i e r i t e .  The o the r  p o r t i o n  was re ta ined  as received. AS mois ture determinat ions 
were run on these samples and on a l l  o ther  samples be fo re  spect ra were acquired. 

A sample o f  each was d i v ided  i n t o  two por t ions.  

Table 1. L i g n i t e  Analyses 

Ind ian  Head (ND) B ig  Brown (TX) 

Moisture, w t  % 22.2 23.1 

Proximate Analysis 
(wt. % d r y  bas is)  

Ash 10.5 
V o l a t i l e  Mat ter  37.2 
Fixed Carbon 52.3 

12.1 
45.9 
42.0 

63.1 68.1 

Ul t ima te  Analysis 
(wt/ % m f )  

C 
H 4.5 4.6 
N 1.2 1.3 
S 0.9 1 .o 
0 14.8 17.9 

The vacuum d r i e d  coal was loaded i n t o  a 7 mm sapphire c y l i n d r i c a l  r o t o r  and 
placed i n  t h e  Ooty probe. The r o t o r  was spun a t  3000 rps and in t roduced i n t o  t h e  47 
KGauss f i e l d  o f  our NMR. The observe and decoupler s ignals  were c a r e f u l l y  tuned 
before t h e  sample spectrum was acquired us ing t h e  optimized condi t ions f o r  t he  d r i e d  
coal sample. The d r i e d  sample was replaced by t h e  same weight o f  t h e  AR coa l  sample 
and another spectrum was acquired i n  exac t l y  t h e  same manner. The AR coal  spectrum 
gave approximately 1/5 o f  the  absolute i n t e n s i t y  o f  t h e  carbon spectrum o f  t he  d r ied  
coal .  For t h e  Ind ian  Head Zap l i g n i t e ,  f a  f o r  t h e  d r i e d  sample was 0.67 and f o r  t h e  
AR sample, on l y  0.48 (Table 2).  

Table 2. Ind ian Head L i g n i t e  Changes Due t o  AR Moisture S o l i d  13C CP/MAS NMR Data 

0 
1.8 
7.6 

13.0 
22.0 (AR)  

Absol Ute 
I n t e n s i t y  
C Signal 

242.0 
198.2 
189.5 
133.0 
50.7 

% Caromat i c 

67.6 
69.4 
69.0 
65.0 
47.7 

% C a l i p h a t i c  

32 -4 
30.6 
31 -0 
35.0 
52.3 

A ser ies o f  p a r t i a l l y  d r i ed  coal samples were prepared f o r  comparison w i th  the  
The spectra o f  these samples recorded completely vacuum d r i e d  coal and the  AR coal. 

61 



a t  var ious mois ture l e v e l s  a re  presented i n  F igu re  1. The absolute i n t e n s i t i e s  f o r  
each spectrum and t h e i r  apparent % C aromatic and % C a l i p h a t i c  a r e  given i n  Table 
2. 

I t  i s  apparent fran these values t h a t  t h e  presence o f  water detunes t h f  probe. 
When an attempt i s  made t o  tune t h e  observe and decoupler c o i l  w i t h  t h e  wet" AR 
coal i n  the  c o i l ,  i t  is seen t h a t  the capacitance o f  t h e  c o i l  i s  changed a great  
deal by t h e  presence o f  t h e  small amount o f  water. Modern canmercial probe design 
does not a l l ow  f o r  l a r g e  changes i n  capacitance o f  t h e  decoupler c o i l .  Tuning t h e  
observe c o i l  i s  poss ib le  but on l y  w i th  broad-band probes. Carbon-only probe observe 
s ignal  va r iab le  capacitance cannot accanodate these l a r g e  changes. 

Even i f  t h e  operator,,could optimize t h e  c r i t i c a l  tune o f  t he  decoupler c o i l  f o r  
t he  c ross -po la r i za t i on ,  c o r r e c t "  spec t ra l  i n t e n s i t i e s  o f  "wet" AR c a l s  could not 
be r e l i a b l y  obta ined because under r a p i d  r o t a t i o n  and h igh  power ?H decoupling, 
t he re  i s  a smal l  gradual d r y i n g  o f  t he  coal .  And, o f  course, as t h e  coal changes 
even s l i g h t l y  i n  water content, detuning dur ing a c q u i s i t i o n  causes a l oss  o f  s ignal  
i n t e n s i t y  and in t roduces e r r o r s  i n  the aromatic t o  a l i p a h t i c  r a t i o s  (F igu re  1, Table 

The capacitance changes observed f o r  t he  coal appear t o  be dependent on t h e  
d i e l e c t r i c  constants o f  t h e  inc luded l i q u i d .  L iqu ids o f  h igh  d i e l e c t r i c ,  as i s  
expected, cause t h e  greatest  changes i n  capacitance, hence i n  tune and s ignal  
i n t e n s i t y  (Table 3). The values o f  e ( d i e l e c t r i c  constant) are g iven f o r  l i q u i d s  
external  t o  t h e  magnetic f i e l d .  

2). 

Table 3. Dr ied Ind ian  Head L i g n i t e  Changes Due t o  Added L i q u i d  S o l i d  1 3 C  CP/MAS NMR 
Data 

Absol Ute 
Dr ied Coal + I n t e n s i t y  

E Liquid,  % C Signal Caranatic % C a l i p h a t i c  - 
H20, 19.9 17.8 
H20, 11.2 127.0 
D 0, 22.0 18.4 

- i-Octane, 20.7 216 .O 

Efhanol, 22.5 3.9 
CC14, 20.0 20 .o 

45.6 
68.6 
44.6 
51.6 
68.1 
64.7 

54.4 
31.4 
55.4 
48.4 
31.9 
35.3 

80,78 

78 
24 

2 
2 

The capacitance (and d i e l e c t r i c  constant) o f  t h e  system are a l so  temperature 
dependent. Changes i n  wet and d ry  coal spect ra as t h e  temperature i s  lowered are 
shown f o r  one o f  the l i g n i t e s  ( B i g  Brown) i n  F igu re  2. The spectra are a l l  recorded 
i n  t h e  absolute i n t e n s i t y  mode. Other fac to rs  a l so  become impor tant  as the  
tenperature i s  lowered (ll), b u t  it i s  obvious t h a t  great cau t ion  must be exercised 
i n  acqui r ing and i n t e r p r e t i n g  t h e  data. 

Fran the i n v e s t i g a t i o n  reported here, i t  appe s t h a t  under t h e  "best" 
condi t ions f a i r l y  rep resen ta t i ve ,  reproducib le  s o l i d  ?$C spectra o f  low-rank coal 
can be obtained fran vacuum d r i e d  samples. The contact  t ime  t h a t  y i e l d s  maximum 
i n t e n s i t y  i s  near 1000 ps  f o r  the aromatic p o r t i o n  o f  both l i g n i t e s  and s l i g h t l y  
sho r te r  f o r  t h e  a l i p h a t i c  por t ion.  Thus, t h e  se lec t i on  o f  1000 ps  as t h e  optimum 
contact  t i m e  s l i g h t l y  favors t h e  aromatic p a r t  o f  t h e  spectrum. This p o s i t i v e  
e f fec t  i s  o f f se t  by some aromatic s ignal  l oss ,  est imated a t  <3%, du r ing  spinning 
sideband suppression (10). We are c u r r e n t l y  i n v e s t i g a t i n g  t h e  r e l a t i o n s h i p  between 
s ignal  i n t e n s i t y  and t h e  amount o f  dry  coal carbon i n  t h e  r o t o r  both by absolute 
i n t e n s i t y  measurements and by i n t e r n a l  standard spin-counting experiments. It 
appears t h a t  t h e  d r i e d  coal samples g ive much b e t t e r  s ignal  i n t e n s i t y  re la t i onsh ips  
than coals  con ta in ing  small amounts o f  water. 
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Performing CP/MAS 13C experiments w i t h  canplex sol id  samples such as coal and 
peat i s  becoming more common. This technique has opened exciting new areas Of 
s t ructural  investigation in  coal science and will cer ta inly continue t o  grow rapidly 
i n  popularity. The coal sc ien t i s t  will have t o  become thoroughly conversant with 
such concepts as the decoupler power requirements, 90 and 180' f l i p  angles,Tlp 
values f o r  his samples, optimal cross polarization times, correct delay, spinning 
speed, presence of radicals ,  e f fec t  of coal ash and many other factors. As each new 
experiment i s  designed, new variables may be introduced. Each variable must be 
careful ly  scrutinized, par t icular ly  f o r  obvious e f fec ts  such as the one reported 
here. When a ser ies  of coal samples are  compared, o r  when low-rank coal spectra a re  
being acquired, the samples must be dry enough t o  allow tuning within the range of 
t h e  NMR probe or  erroneous in tens i t ies  and fa  values will resul t .  
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